Emphysema is a disease of the lungs that destroys the alveolar air sacs and induces long-term respiratory dysfunction. CT scans allow for imaging of the anatomical basis of emphysema and for visual assessment by radiologists of the extent present in the lungs. Several measures have been introduced for the quantification of the extent of disease directly from CT data in order to add to the qualitative assessments made by radiologists. In this paper we compare emphysema index, mean lung density, histogram percentiles, and the fractal dimension to visual grade in order to evaluate the predictability of radiologist visual scoring of emphysema from low-dose CT scans through quantitative scores, in order to determine which measures can be useful as surrogates for visual assessment. All measures were computed over nine divisions of the lung field (whole lung, individual lungs, and upper/middle/lower thirds of each lung) for each of 148 low-dose, whole lung scans. In addition, a visual grade of each section was also given by an expert radiologist. One-way ANOVA and multinomial logistic regression were used to determine the ability of the measures to predict visual grade from quantitative score. We found that all measures were able to distinguish between normal and severe grades (p<0.01), and between mild/moderate and all other grades (p<0.05). However, no measure was able to distinguish between mild and moderate cases. Approximately 65% prediction accuracy was achieved from using quantitative score to predict visual grade, with 73% if mild and moderate cases are considered as a single class.
INTRODUCTION
High-resolution, multi-row detector computed tomography has allowed radiologists to view the underlying anatomical basis of chronic obstructive pulmonary diseases (COPD), particularly emphysema, from CT scans. Emphysema is clinically defined as the destruction and breakdown of the alveolar air sacs in the lung into large, coalescing pockets of anatomically dead-air space, emphysematous regions are visually described in CT images as being regions of lung parenchyma that are of a significantly low density. This has allowed for qualitative scoring of the disease state of an individual by radiologists. Computer-based scoring systems have been developed that extend this concept to allow for quantitative evaluation of emphysema from CT scans, with the majority of methods focusing on the use of density information as the primary index, either through relative area, such as the emphysema index, or distribution of regions, such as the fractal dimension. The emphysema index, also referred to as low attenuation area percentage (LAA%), developed by Müller [1] , is the most well known of all these measures. Both visual and quantitative scoring have been showing to be relatively accurate in quantifying emphysema. [2] Little work has gone into the evaluation of using quantitative measurements as a surrogate scoring system for visual scoring. The purpose of this work is to evaluate the predictability of radiologist visual scoring of emphysema, both globally and of sub-regions of the lung parenchyma, from low-dose CT scans through the analysis of four commonly used quantitative measurements. This work focuses on the four most commonly used scores reported in the literature: the emphysema index [3] [4], the n-th percentile of the histogram [5] [3] , the mean lung density [6] [7] and the fractal dimension [8] 
METHOD
The introduction of high-resolution, multi-row detector CT has allowed radiologists to view the underlying anatomical basis of emphysema from CT scans. Given that emphysema is defined as the destruction and breakdown of the alveolar air sacs in the lung, emphysematous regions are visually described as being regions of lung parenchyma that are of a significantly low density. This allows for a qualitative scoring of the extent to which an individual has emphysema present in the lungs by radiologists investigating COPD and its effects. Computer-based scoring methods and systems have been developed that extend this concept to allow for quantitative evaluation of emphysema from CT scans. Emphysema index (EI) is the standard quantification measure of emphysema from lung CT-scans. Other commonly used and evaluated measures include mean lung density(MLD), histogram percentiles(HIST), and the fractal dimension(FD). All of these measures have been promoted as measures for quantification of the underlying anatomical basis for emphysema. However, little work to date has compared these four common measures to radiological visual scoring simultaneously. Therefore, this work focuses on the predictability of visual scores from quantitative measures. Figure 1 gives visual distributions of mild and severe emphysema in a whole lung scan.
Four primary measures were investigated in this work. The emphysema index is the classic measure of pulmonary emphysema and is the relative volume of the lung parenchyma that falls below a given density threshold. In this study, that threshold is set to -910 H.U. as that threshold is believed to cover. The emphysema index is also commonly called the percent low attenuation area (%LAA). The second measure of interest is the N th percentile of the histogram. The histogram percentile is an empirical percentile, with the observation used in this case as the voxel densities of the lung, giving the density level at which N% of the lung pixel densities will fall below. Effectively the HIST measure returns the threshold needed to get an EI of N. In this work, N is set to be the 15 th percentile. The third measure is the fractal dimension. This returns a value that is indicative of the distribution of emphysema region sizes within the lung. The final measure is the mean lung density.
In order to determine the predictability of the visual grade from these measures, and thus which measures correlate most closely with radiologist observations, 148 low-dose, whole lung scans were randomly selected from a database of patients with known smoking history. Each scan was graded on the extent of emphysema present based on expert radiologist visual interpretation and was classified normal, mild, moderate, or severe. Nine classifications of the level of presence of emphysema in the lung was given by the radiologist for each of the 148 whole-lung scans. A single classification was given for the whole scan overall, for each of the two lungs independently, and for each of the three divisions of each lung independently (upper, middle, and lower third). The three classification schema can be considered as a global, lung, and six-partition schema. For each of the nine established divisions, the emphysema index and fractal dimension were computed at a -910 HU threshold using in-house software developed for use by radiologists in the Weill Medical College of Cornell University. The algorithms used were similar to the ones described by Müller et al. [1] and Mishima et al. [10] respectively. Mean lung density and the 15th percentile of the histogram were also computed using the same software.
One-way ANOVA using F-test and all pairwise comparisons among means are tested using Tukey-Kramer's HSD test were performed to show that means of objective scores associated with each visual score are significantly different from another. The equation for Tukey-Kramer's HSD is given below,
where i and j represent the pair of means to be tested, M i -M j is the difference between the i-th and j-th means, MSE is the Mean Square Error, and n h is the harmonic mean of the sample sizes of groups i and j. The critical value of ts is determined from the distribution of the studentized range. The number of means in the experiment is used in the determination of the critical value, and this critical value is used for all comparisons among means. If t s surpasses this critical value, the two means are considered significantly different. All statistical computations and tests in this work were performed with the use of the R statistical software package [11] . In order to determine the overall usefulness in using quantitative score to predict the subjective visual score for a given lung region, multinomial logistic regression was used to compute the probability that a objective score would predict a visual grade and classification accuracy was computed using each measure. Finally, a pair-wise implementation of the McNemar's test was used to determine if the four objective scores are significantly different in predicting visual score.
DATA
All scans used in this study were acquired at the Weill Medical College of Cornell University using a whole lung, low dose protocol. 148 total scans were acquired in this manner. 135 scans were at 1.25mm slice thickness acquired at 120 kVp; 13 scans were at 5mm slice thickness acquired at 140 kVp. All scans underwent the same visual grading procedure and quantitative scoring methods. 
RESULTS
We found that for all measures, both normal and severe grades were shown to be statistically different from all groups (p<0.05) for all three lung partition schema. However mild and moderate did not show statistical significance, and a large overlap in the ranges of scores for mild and moderate was found, with moderate cases tending to have quantitative scores in the upper range of mild cases. Figure 2 provides a box-plot that shows this effect for emphysema index in the six-partition schema. The average correct classification rate of visual score from quantitative measurements was approximately 65%, with greatest confusion occurring between mild and moderate grades due to the classification schema failing to separate mild and moderate cases, classifying all 'moderate' cases as 'mild' or 'severe'. Accuracies of over 75% could be achieved when mild and moderate were combined into single class to minimize this confusion. Table  1 illustrates this effect for emphysema index on the regional level of the lungs. Overall, FD, EI, and HIST were found to be superior to MLD at the global and lung levels (p<0.1) and EI and HIST being superior to FD and MLD at the regional level (p<0.1) for predicting visual grade from quantitative score. Table 2 gives the overall classification accuracies for the four measures across the three lung division analysis for both the four visual grade scoring method and three visual grade scoring method.
DISCUSSION
Little work has been done comparing multiple measures simultaneously to visual grading. Simultaneous comparison is important to show true advantages between various methods. This work shows that automated measures show good agreement with visual grade, particularly emphysema index, and these scores could be used as surrogate scores for the interpretation and assessment of emphysema severity in lung CT scans.
The findings in this work show that the quantitative scores can most easily distinguish between normal and severe cases of emphysema, regardless of the lung partition schema used. All four quantitative measures could also distinguish between normal and mild cases as well as between moderate and severe, although the distinction between these groups is not as clear as between normal and severe cases. However, no measure at any level was able to distinguish between mild and severe cases. The primary reason for this outcome is that in general, an average increase in emphysema score can be seen for the various measures when advancing visual grade from mild to moderate, the variation of scores falling within the mild case is enough to provide large overlap between scores of the mild and moderate cases. This is most clearly seen in figure 2 , where approximately 50% of the moderate scores for emphysema index are shown to fall within a single quartile of the mild case. When the two categories are combined, we find that overall accuracies of classification increase for the measures by 10-15%, indicating that misclassification of moderate cases is the largest single source of error. Another possible reason is that there were fewer 'moderate' observations as opposed to 'mild' or 'severe', which, when combined with the reason above, could have ultimately biased the multinomial logistic regression to not classify observations as moderate.
When we compare the accuracy rates of three lung-division schema, a trend towards increased prediction accuracy of visual scores increases as we analyze larger sub-regions of the lung parenchyma at once, for example each whole lung individually versus analyzing the 3 divisions of a single lung, as is shown in Table 2 . There are two possible explanations for this occurrence. The first is that the by analyzing divisions of a lung, the sample-size of the measurements taken increases substantially, which could account for increased accuracy in the larger. The second possible explanation is that the measures were originally designed to be used on whole lung scans, so that smaller variations within a sub-region could cause increased error rates, such as increased noise in the apices of the lungs. Normally, local variations would have a larger lung volume to be averaged against, thus mitigating their effects on the measures accuracy, but the limited regional volume could allow for the variations to have a larger effect. This could be considered a limitation of the measures for local analysis.
CONCLUSION
This work shows that there is a strong relationship between visual grade and quantitative measures when distinguishing between normal, mild/moderate, and severe cases. We also find that 65% predictability is possible for all divisions of the lung, with EI and HIST being the most indicative of visual grade. The prediction accuracy can be further increased to 75% if mild and moderate cases can be grouped as a single class. Given that automated measures show good agreement with visual grade, quantitative measures could be used as surrogate scores for the interpretation and assessment of emphysema severity in lung CT scans.
